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 Availability of sand in the electrolytic process for microalgae recovery.
 Reuse of flocculated supernatant medium with no negative effect.
 Significant decrease in electric energy consumption.a r t i c l e i n f o
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Energy consumption and water resource in the cultivation and harvesting steps still need to be mini-
mized for the popularization of the microalgae-based products. An efficient electro-flocculation method
for harvesting Dunaliella Salina integrated with local sand has been successfully applied. Sand was effec-
tive for speeding up the processes of flocculation and sedimentation of algal flocs and the electrolytic
hydroxides was essential to bridge the sand and small flocs into large dense flocs. The maximal recovery
effective improved from 95.13% in 6 min to 98.09% in 4.5 min and the optimal electrical energy consump-
tion decreased 51.03% compared to conventional electro-flocculation in a laboratory ambient condition.
Furthermore, reusing the flocculated medium in cultivation of the D. Salina with nitrogen supplemented
performed no worse than using fresh medium. This sand enhanced electro-flocculation (SEF) technology
provides a great potential for saving time and energy associated with improving microalgae harvesting.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Microalgae have been closely studied and much potential avail-
able to produce valuable biofuels (Yang et al., 2011). However,
large-scale microalgae biofuel production has been the target to
commercialization but lack of appropriate harvesting technology
hinders the expectancy. Some of the major techniques applied in
harvesting microalgae include centrifugation, gravity sedi-
mentation, flocculation, filtration, flotation, etc. Meanwhile, the
persistent challenge of high energy consumption in these pro-
cesses is attributed to the microalgae small cell sizes, colloidal
repulsion due to negative surface charges (Prochazkova et al.,
2015) and low biomass concentrations.
The drives for reducing energy consumption have lead more
critical research in this field and gathered momentum to developnew cost-effective approaches for large-scale microalgae harvest-
ing. Electro-flocculation has been used successfully in wastewater
treatment and mineral engineering due to its simple operability,
predictability of results and feature of being non-species specific
(Mollah et al., 2001; Sun et al., 2009). Similarly, the application
of electro-flocculation in harvesting microalgae has showed signifi-
cant advantages over conventional flocculation using chemical
reagents. To further reduce its energy consumption, many
improved methods have been proposed such as polarity exchange
(Kim et al., 2012), dispersed-air flotation (Xu et al., 2010), electro-
coagulation–flocculation (Vandamme et al., 2011), etc. In floccula-
tion process, larger flocs could enhance the sedimentation rate and
promote the algae harvesting (Pan et al., 2011). Recently, it has
been reported that adding clay or local soil was favorable to the
enlargement of floc size in the chemical flocculation process by
surface charge changes and netting–bridging modification (Li and
Pan, 2013). However, the contamination of final products and the
toxic effects on microalgae have limited the large-scale microalgae
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not suitable to be reused for microalgae cultivation.
Therefore, this study has essentially employed in situ an effi-
cient SEF technology without surfactant addition for the recovery
of the microalgae Dunaliella salina. Looking at the huge needs of
providing alternative to fossil fuel, this technology provides signifi-
cant help for the harvest of this mobile unicellular green microalga
cultivated in Salt Lake or concentrated seawater which is rich in
lipids (Besson and Guiraud, 2013). Also, this study discussed and
characterized the mechanism of linking/bridging the sand and
microalgae cells. Further, the operation parameters of the inte-
grated harvesting process such as flocculation time, sand dosage,
and current intensity were optimized for excellent performance.
Moreover, the cultivation of microalgae in reusing flocculated
medium obtained from SEF process was also discussed.2. Methods
2.1. Algae species and culture
Dunaliella bardawil (strains 30861) was originally obtained from
Life Science School of Xiamen University. Prior cultivation,
Ben-Amotz medium (Ben-Amotz et al., 1989) was sterilized at
121 C for 30 min. Algal cells were cultured in a 2.5 L airlift bioreac-
tor and continuously bubbled with air enriched with CO2 (3 vol.%)
using a gas cylinder delivering 0.012 v/v/m. The microalgae con-
centration used for experiments is about 0.88 g/L (dry weight)
and the pH of the final culture broth after cultivation was
7.4 ± 0.2. Other primary cultivation conditions are listed in Table 1.2.2. Sand enhanced electro-flocculation
The sand was collected from BaiCheng beach in Xiamen, China,
washed with deionized water, dried at 100 C for 2 h, and sieved
through 150–180 mesh before use. The SEF using a conventional
jar-test method was conducted in a glassware beaker filled with
200 mL of microalgae suspension. Two aluminum electrode plates
were placed parallel and vertically in the vessel with an electrode
gap of 30 mm and both plates had an area of 30  90 mm and a
thickness of 0.5 mm. Prior to each run, the Al electrodes were
immersed in a 5% HNO3 solution, then mechanically screened with
abrasive paper, and finally rinsed with deionized water so that its
surface was uniform. The anode and cathode were connected to the
DC power supply (LP3005D, LODESTAR China) in the constant cur-
rent mode and both submersed at a depth of 70 mm. Time course
for microalgae concentration was monitored by a UV–VIS (TU-
1901, Purkinje General China) spectrometer with optical density
values measured at 680 nm. Furthermore, to determine the
microalgae recovery efficiency, 10 mL sample within 20 mm depth
was collected at different time interval (t) during the electro-
flocculation process. The current density and sand dosage variables
were used to determine the harvest energy consumption and zeta-
potential.Table 1
Cultivation of Dunaliella Salina.
Conditions
Inoculation 10%
Cultivation period 7–8 day
Illumination Light–dark cycle (12/12 h)
Light intensity 6000 lx
Temperature 30 C
CO2 concentration 3%
Mixing rate 0.012 v/v/m2.3. Analytical methods
Chlorophyll a concentration was determined according to the
described method (Lee et al., 1998). Harvesting efficiency (g) is
defined as the ratio of the mass recovered to the total mass of cells.
Microalgae harvesting efficiency : g ¼ ODi  ODf
ODi
 100% ð1Þ
where ODi was the initial optical density and ODf was the optical
density of the supernatant at time t.
The energy consumption E (in kWh/kg of recovered microalgae)
was calculated as:
E ¼ UIt
1000VgC
ð2Þ
where U is the voltage (V), I is the applied current (A), t is the time
(h) of the harvest process, V is the volume (m3) of the harvest cham-
ber, C is the actual processing microalgae concentration (g/L).
The surface charge of sand, electro-flocculation modified sand,
and algal cells was quantified by zeta potential (Zetasizer 2000,
Malvern United Kingdom). For the floc structure and size study,
the flocs were carefully transferred on a glass slide after floccula-
tion and sedimentation and then photographed by the elec-
tromotive microscope (BX41, Olympus Japan).2.4. Reuse of the flocculated culture medium
This experiment was conducted to study the microalgae growth
using the flocculated medium after electro-flocculation and sedi-
mentation. Four distinct media were used to cultivate microalgae:
the fresh medium designated as FM, electro-flocculated super-
natant as medium (EM), electro-flocculated supernatant with sup-
plementary nitrogen as medium (EM + N), and sand enhanced
electro-flocculated supernatant with supplementary nitrogen as
medium (SEM + N). Meanwhile, the flocculated media were
derived without further purification and sterilization steps. Then,
as previously used amount of microalgae cells were suspended in
the media.3. Results and discussion
3.1. Effect of current intensity on the SEF mode
The optimized 0.5 A approximately ranked the same recovery
efficiency with highest 0.8 A as shown in Fig. 1(a) while 0.3 A
depicted low current compensated by double operation time.
Table 2 shows that sand enhanced electro-flocculated method
which was operated at optimum current of 0.5 A, consumed the
lowest energy.
The amount of flocculants dissolved into the solution by the
electrode is correlated with the current intensity over a certain
time (Ben Sasson et al., 2009). As a result, higher electrical power
produced more flocculants to enhance algal flocculation (Alfafara
et al., 2002). However, the decrease in curve at current of 0.8 A
in Fig. 1(a) maybe caused by the excessive consumption of Al.
Long hours of electrolysis under high current triggered the forma-
tion of over-dose Al(OH)n collosol which was metastable, so that
the algae cells were mixed into the measured sample, therefore,
the measured ODf values were higher than the actual values.
Overall, comparing the 94.5% recovery efficiency of applied cur-
rents 0.3–0.8 A with respect to their corresponding electrical
energy consumption in Fig. 1(b), the optimal outcome was calcu-
lated to be 0.380 kWh/kg at 0.5 A and 3 min.
Fig. 1. Effect of current on recovery efficiency (a) and electrical energy consumption (b) at different harvest time. Conditions: 250 mg/L sand, initial pH was 7.2, stirring
speed = 150 rpm.
Table 2
Electrical energy consumption of previously described microalgae harvesting
methods.
Harvest method Electrical energy consumption (kWh/kg)
Centrifugation 1.67a
Vacuum filters 1.23a
Pressure filters 0.18a
Polymer flocculation 36.8b
Tangential flow filtration 3.58b
Polarity exchange 1.08a
EFS (0.5 A, 3 min, 97.16%) 0.380c
a Kim et al. (2012).
b Danquah et al. (2009).
c This work, 250 mg/L sand, initial pH was 7.2, current intensity = 0.5 A,
time = 3 min.
Table 3
Dosage effect of sand for the harvest of Dunaliella Salina cells.
Sets (dosage, harvest time) Harvesting efficiency (%) Energy
consumption
0 mg/L, 3 min 75.39 0.4899
0 mg/L, 6 min 95.13 0.7764
50 mg/L, 3 min 86.99 0.4246
100 mg/L, 3 min 91.79 0.4024
150 mg/L, 3 min 93.25 0.3961
200 mg/L, 3 min 94.64 0.3902
250 mg/L, 3 min 97.16 0.3801
250 mg/L, 4.5 min 98.09 0.5648
300 mg/L, 3 min 97.32 0.3795
Conditions: initial pH was 7.2, stirring speed = 150 rpm, current intensity = 0.5 A.
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As shown in Table 3, the increment of sand dosage does favored
the recovery efficiency and the recovery efficiencies reached an
optimal value of 97.16% when the sand dose was 250 mg/L in
3 min. Otherwise, the results indicated that the time required to
reach 95% of the recovery efficiency was significantly declined with
the presence of sand. However, there were no much increments of
recovery efficiency when the dosage of sand was over 250 mg/L
(97.16% at 250 mg/L, 97.32% at 300 mg/L). This phenomenon trace-
ably is due to the excessive amount of sand could be difficult to
maintain suspended in the solution when the stirring speed is
constant.The size and structure of algae aggregate are considerably
factors for determining the efficiency as well as the energy con-
sumption in any of the applied methods mentioned above. Again,
smaller the aggregate size then required longer sedimentation
time or an alternative energy application for facilitating the sedi-
mentation. As shown in Fig. S1, the situation in (b) a typical algae
aggregate size formed by electro-flocculation mode is small and
loose thereby required high sedimentation time; can be considered
poor harvesting efficiency. Image of (c) truly showcased the effect
of SEF as compact algae flocs with fine dispersion and more trans-
parent view of densely algae aggregates were more visible in the
situation at (d).3.3. Surface charge changes of sand after electro-flocculation
Algal cells that enter a water treatment works are negatively
charged and thus colloidal stability of the system is maintained
(Gregory, 2004). There is consensus that in destabilizing the sys-
tem, the electrostatic barrier to contact between two adjacent
components is minimized such that attractive van der Waals forces
dominate over repulsive electrostatic forces. Surface charge is
therefore an important parameter in flocculation experiments.
The isoelectric point (pI) of natural sand was pH 4.3 in Fig. 2(a)
and increased to pH 8.5 in Fig. 2(b) after modification by the elec-
tro-flocculation process, making the sand possesses net positive
charge in natural culture medium. The change of pI is essential
in creating flocculation potential and reinforcing the destabiliza-
tion of the algae suspension (Li and Pan, 2013) since algal cells
are normally negatively charged in natural pH. With addition of
250 mg/L washed sand, the surface charge of suspended particles
increased from 29.33 mV to 5.65 mV after electro-flocculation
process in 1.5 min in Fig. 3, and continued to increase as the time
went on and finally turned to positive at the 6th minute. However,
it has been reported that the system is extremely unstable and col-
loidal particles could easily conglomerated into sweep flocs when
the zeta potential is ranging from 10 mV to +2 mV (Henderson
et al., 2008).
During electro-flocculation, the Al3+ ions are hydrated and react
spontaneously to produce hydroxides and/or polyhydroxideswhich
are essential to the surface charge changes of the flocs. These
polymers positively charged polyhydroxo-complexes such as
Al(H2O)63+, Al(H2O)5OH2+, or Al(H2O)42+ over a wide range of pH
(Lee et al., 2013) are the effective flocculants to trap suspended
particles (Rebhun and Lurie, 1993). Furthermore, similar to the case
of a conventional coagulation process the polyhydroxo-complexes
Fig. 2. Surface charge of sand (a); surface charge of sand after electro-flocculation process (b). Conditions: current intensity = 0.5 A (3 min), temperature = 25 C, stirring
speed = 150 rpm.
Fig. 3. Surface charge changes of flocs during the electro-flocculation process for
the harvest of Dunaliella salina cells. Conditions: current intensity = 0.5 A, 250 mg/L
sand, initial pH was 7.2, stirring speed = 150 rpm.
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as it linked and bridgedwith sand, thus forms larger flocs compared
to electro-flocculation without sand. Besides the major function of
hydroxides by electrolysis, sand plays important roles in this algae
flocculation process. Firstly, the collision frequency between
the modified sand particles and algal cells is enhanced with theFig. 4. The mechanism for the sandincrease of the total amount of particles in solution which is essen-
tial for flocculation. Secondly, positively charged sand bounds with
flocs tightly and provides the mass or ballast to carry them to bot-
tom sediments. Such a flocculation mechanism of SEF is illustrated
in Fig. 4.3.4. Reuse of culture medium after SEF system
Although, there are different growth rate of D. Salina as seen in
Fig. 5, the study has ultimately ascertained that economic use of
nitrogen enriched flocculated medium has no adverse condition.
The resultant biomass concentration in fresh medium (FM) showed
insignificant distinction compared with nitrogen supplied sand
enhanced electro-flocculated medium (SEM + N). However,
electro-flocculated medium (EM) fell below 0.6 g/L compared to
the nitrogen supplied electro-flocculated medium (EM + N).
Meanwhile, within first 3 days the growth patterns show a
relatively growth path and strength. Subsequently, the electro-
flocculated medium (EM) experienced significant lagging growth
throughout the upward days while FM and SEM + N emerged
almost at same margin. Furthermore, it is worth noting that the
water resource takes up to a large portion of the total cost in the
microalgae cultivation (Kyubock et al., 2013). Therefore, reusing
the water effectively could significantly reduce the total cost of
microalgae biodiesel.enhanced electro-flocculation.
Fig. 5. Cultivation of Dunaliella Salina cells after the SEF harvesting system.
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The results showed that electro-flocculation integrated with
sand can be successfully applied for harvesting D. Salina. This sand
enhanced process was beneficial to recovery efficiency by the sig-
nificant formation of large algal aggregates which possess rapid
sedimentation rate. As quickly the cells settle to bottom forming
cell-sand aggregates there appears a clear supernatant.
Furthermore, the low-cost facile separation technique provided
the reusable culture medium without further treatment. This
approach shows great promise to become an effective and eco-
nomical acceptable strategy for D. Salina harvesting and the further
development of biofuel.
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